We posit that a more complete understanding of runoff response from urban catchments requires an assessment of the hydrologic behavior of composite impervious-pervious patches. We therefore examined how the factors of impervious extent, connectivity, and antecedent moisture content of pervious areas might affect mechanisms of runoff production at small spatial scales in a laboratory setting. We used rainfall simulation ͑with a storm comprised of 20, 30, 40 mm hr −1 rainfall rates for 48, 24, and 24 min, respectively͒ to observe surface runoff from 0.6 m 2 boxes ͑impervious or pervious-soil͒ 0.2 m deep that were connected together in series to produce different arrangements of impervious and pervious surfaces ͑0, 25, 50% impervious͒ with different connectivity to the outlet ͑discon-nected, connected͒, and under two different antecedent moisture conditions for pervious areas ͑drier, wetter͒. In general, an increase in percent impervious area led to fewer opportunities for infiltration, and a quicker onset of runoff, which was intensified by wetter antecedent moisture conditions and connectivity to the outlet. Runoff rate ratios were strongly affected by antecedent moisture condition and somewhat less significantly by an interaction between impervious area extent and its connectivity status. In each impervious treatment, we observed a decreased time to runoff initiation and higher final runoff rate ratio for wetter than drier treatments. Interestingly, we found that the connectivity of 25% impervious area accounted for differences in runoff rate ratio only early in the simulation. The patterns in runoff from connected and disconnected 25% treatments eventually converged, leaving antecedent moisture conditions the only relevant factor. As impervious area was increased to 50%, we noted a precipitous decline in infiltration rates due to a reduction in infiltration opportunities and infiltration behavior of the pervious surfaces in these treatments. Evidence of return flow in the 50% disconnected treatment is presented and discussed in the context of saturation-excess runoff mechanisms. These experimental results are then discussed in terms of their potential extension and application to better understand aspects of urban hydrology and models thereof.
Introduction
Impervious areas have significant impacts on watershed hydrology, as an increased extent and concentration of impervious surface typically shifts the landscape from a net infiltrative sink for rainfall to a net source of runoff ͑Booth and Jackson 1997͒. Impervious area is typically addressed as either disconnected ͑drain-ing to a surface with some capacity for infiltration such as bare soil, grass lawn, or swale͒ or connected ͑piped or otherwise conveyed to a stream channel or treatment plant͒, with connected impervious areas arguably having the greatest impact on conveying runoff to sensitive stream ecosystems ͑Lee and Heaney 2003͒.
The effects of imperviousness on runoff behavior are more or less intuitive ͑Terstriep et al. 1976͒ . In drainages that mix impervious ͑perhaps each with different connectivity status͒ and pervious surfaces, there arise more complex interactions between runon, runoff and its predominant generating mechanism, and infiltration. This is because pervious areas have some characteristic infiltration behavior that is a function of antecedent moisture conditions, infiltration capacity, and its connectivity to the impervious areas. For example, if there is an impervious area located above the pervious surfaces ͑a disconnected impervious area scenario͒, then the infiltration rate of the pervious area may be exceeded by the immediate and large quantity of direct runoff from the impervious part of the system. Alternately, if an impervious area is placed downstream of pervious areas ͑direct connection to the outlet͒, direct runoff is immediately delivered to the outlet and, increasingly, more runoff will be delivered to impervious areas as the infiltration capacity of pervious areas declines with time.
Although work has been done to evaluate water quality with rainfall simulation in different laboratory settings ͑see Vaze and Chiew 2003; Yu and McNown 1964͒ , these studies do not specifically address the hydraulics or hydrology of imperviouspervious systems. In order to better define the dynamics of runoff production from composite impervious-pervious systems, we build on the results of contemporary, laboratory-scale ͑ϳ1 m͒ rainfall simulation experiments conducted by Pappas et al. ͑2008͒ , which demonstrate that different arrangements and extents of impervious and pervious areas affect the shape of runoff hydrographs when compared to completely pervious surfaces. The direct assessment of basic hydrologic processes involved in these impervious-pervious composite systems may yield suites of commonly used parameters used in the infiltration and runoff modeling components of rainfall-runoff models, which may not properly account for urban hydrology. The objectives of this study are to ͑a͒ characterize runoff behavior from 0, 25, and 50% extents of imperviousness, which was either connected or disconnected from the outlet, and under two different antecedent moisture conditions for the pervious surfaces by measuring time to initiation of runoff, runoff rate ratios, and infiltration rate; and ͑b͒ utilize this data to identify and otherwise describe tradeoffs among runoff, run-on, and infiltration behavior that may affect overall runoff response of these systems and identify key factors contributing to its management.
Materials and Methods

Experimental Apparatus
Boxes ͑1 m long, 0.6 m wide, and 0.2 m deep͒ were assigned a soil ͑S͒ or impervious cover ͑I͒ treatment, and four boxes were connected together in different arrangements of impervious area and connectivity, each of which had a plot array 4 m long with a total area of 2.4 m 2 . Pervious soil boxes were filled with a Rayne silt loam soil ͑Fine-loamy, mixed, active, mesic Typic Hapludults; 180 g kg −1 sand, 660 g kg −1 silt, and 160 g kg −1 clay͒ with a nominal 2% organic matter content measured by mass loss on ignition ͑Kelley et al. 1975͒. Bare soil was used because our objective was to not only observe the dynamics of run-on and run-off, but also study interrill erosion within a small-scale controlled setting that had a reasonably erodible pervious surface. The soil was sorted for earthworms, which were removed to prevent burrows and other biopores from becoming macroporous artifacts insofar as soil box response to rainfall. The bottom of each of the soil boxes was fitted with a matrix of hose barbs located at the bottom of each box to allow drainage. The bottom of each box was lined with landscaper cloth, which was then covered with a 2 cm layer of sand. Over this sand layer, the fill soil was packed to an average bulk density of 1.35 g cm −3 , which was measured at several points within test boxes with core samples of known volume. Bulk density was determined gravimetrically by comparing the weights of wet and oven-dry soil cores.
The total porosity of the backfilled soil monoliths was estimated as 0.48 and, less a residual soil water content of 0.12, renders an effective porosity of 0.36. A uniform soil surface was next obtained by grading with a garden hoe to 2 cm depth. Impervious cover treatments were composed of sheet metal coated with spray-on truck bed liner, which resembled a uniform smooth asphaltic surface. Screening tests indicated that there was no measurable capacity for rainfall abstraction in this material.
Each simulation was run on four boxes connected in series with surface runoff from the outlet of one box ͑along the entire width of 0.6 m͒ allowed to flow into the upslope inlet of the next box down slope ͑Fig. 1͒.For example, the ISSS treatment would have 25% imperviousness such that the single impervious surface plot is in the top slope box position, with the remaining down slope boxes filled with bare soil and, therefore, pervious. The run code designation ͑i.e., ISSS͒ is a shorthand to map the configuration of plots and boxes. The outlet of the box at the down slope position was directed into a funnel where bottles were filled at regular sampling intervals during the rainfall simulation. Boxes were configured to emulate 25% impervious coverage ͑ISSS and SSSI͒, and 50% impervious levels ͑IISS and SSII͒. Impervious surface configurations nominally represented one-dimensional flow that was either disconnected ͑e.g., ISSS͒ or connected ͑e.g., SSSI͒ to the outlet. In addition, we evaluated a completely pervious ͑SSSS, 0% impervious͒ treatment.
Antecedent Moisture Content Manipulation
To evaluate runoff flow dependency on initial soil water content, contrasting antecedent soil moisture conditions were established as either drier ͓0.16 cm 3 ͑water͒ cm −3 ͑soil͒ hereon͔ or wetter ͑0.22 cm 3 cm −3 ͒ treatments for each impervious and connectivity treatment combination. Antecedent soil water content was measured with EC-20 dielectric ͑i.e., capacitance͒ probes ͑Decagon Devices Inc., Pullman, WA͒ installed horizontally at 7 and 13 cm depth. The factory calibration between sensor voltage and soil water content was found to predict actual gravimetric soil water content within 2-3%, which is well within the published accuracy for this sensing device.
After the soil surface had been prepared, a prewetting rain was applied at a rate of 10 mm hr −1 over a period of 0.75 h. This event produced a total rainfall depth of approximately 7.5 mm and did not generate runoff. To develop the drier antecedent soil water condition treatment, soil boxes were left to equilibrate for 24 h after the prewetting rain event, which yielded an average antecedent volumetric soil water content of 0.16 cm 3 cm −3 ͑accounting for 44% of total pore space͒. The wetter antecedent condition was created by allowing a three-day dry down period after a full rainfall simulation run on the drier antecedent moisture condition. This process yielded an average 0.22 cm 3 cm −3 soil water content in the soil boxes, or 61% of the effective pore space.
Rainfall Simulation
An oscillating nozzle rainfall simulator located at the National Soil Erosion Research Laboratory ͑West Lafayette, IN͒ was supplied with deionized water and had an average nozzle pressure of 41.4 kPa. This infrastructure was placed approx. 2.5 m over the soil box surfaces, and yielded a theoretical drop velocity of 8.8 m sec −1 . Prior experience with this rainfall simulation apparatus at higher intensities indicated a slightly smaller median drop size than natural rainfall and, therefore, a predicted kinetic energy that would be 25% less than that expected for natural rainfall at similar intensities. A generalized rainfall rate and duration sequence was developed from preliminary trials designed to meet the objective of generating runoff at rainfall rates of 20, 30, and 40 mm hr −1 , which were sequentially applied to all trials in ascending order, and for periods of 48, 24, and 24 min., respectively, that produced a target total rainfall depth of 44 mm over the course of a 96-min storm. These events represented rainfall patterns for Central Indiana ͑USA͒ with four month, one year, and five year return intervals, respectively ͑Huff and Angel 1992͒. The composite rainfall event is estimated as an event with fiveyear recurrence interval. We quantified rainfall variability by comparing rainfall accumulation in calibrated containers set on each box with the expected amount, and did this for each box and rainfall intensity setting. Since the configuration of each treatment and its position relative to the rainfall simulator was unchanged, error estimates for each box were averaged and thereby generalized into a single representation of uncertainty in rainfall intensity for each arrangement of boxes.
Measurements, Calculations, and Statistical Procedures
Time to initiation of runoff was observed as the first time interval where runoff began. Runoff was collected from the entire width of the most downslope soil box outlet into 1 L Nalgene bottles; samples were first collected at the 2 min mark and then every 4 min thereafter. Runoff volume was determined by weight difference, given known container tare and drier sediment weights. Interval average runoff rate ratios are defined as runoff rate ͑q͒ or depth divided by rainfall rate ͑i͒ ͓i.e., ͑⌬q⌬t −1 ͒͑⌬i⌬t −1 ͒ −1 ͔ and calculated as both interval average ͑within a 4-min interval͒ measures and as cumulative sums of rainfall and runoff. Infiltration rate was calculated as the difference between rainfall rate and runoff rate for each time interval. Hydraulic conductivity was determined on three randomly selected soil boxes with tension infiltrometry ͑20 cm base diam, Soil Measurement Systems, Tempe, AZ͒. Infiltrometers were run to steady-state infiltration at hydraulic heads of −150, −60, −30, and 0 mm. Infiltration rates were regressed against their respective suction heads according to Eq. ͑1͒, as in Logsdon and Jaynes ͑1993͒
where Q is the steady-state infiltration rate ͑mm 3 sec −1 ͒, r is infiltrometer radius ͑mm͒, and h is suction head ͑-mm͒. Nonlinear regression was employed ͑PROC NLIN; SAS ver. 9.1; SAS Institute, Cary, N.C.͒ to estimate saturated hydraulic conductivity ͓K͑0͔͒, and the macroscopic capillary length ͑␣͒, which is taken as the dimension of the hydraulically active portion of soil pore space.
Prior to performing analysis of variance on rainfall error, time to initiation of runoff, and runoff rate ratio measurements, we tested data from each sampling group for normality and equal sample variance ͑PROC UNIVARIATE; SAS Institute͒. Rainfall error was subjected to two-way analysis of variance ͑PROC GLM; SAS Institute͒ to determine if rainfall errors were consistent across boxes and rainfall intensity. Time to runoff initiation and average interval runoff rate ratio data were assessed with a completely randomized design ͑wherein each treatment combination was replicated three times; n =3͒ analysis of variance model ͑PROC GLM; SAS Institute͒ based on a fixed effect factorial treatment structure. The experimental design was comprised of three replications of each combination of two antecedent soil moisture states ͑drier, wetter͒; three extents of impervious area ͑0, 25, 50%͒ with contrasting connectivity treatments ͑discon-nected, connected͒ for non-zero impervious extents, for a total of 36 runs. Due to low replication ͑n =3͒, we set a conservative level of p ഛ 0.10 as the threshold of significance ͑tested against a standard F-distributed random variable͒ for tests of treatment effects and their interactions.
Results and Discussion
Rainfall Variability
Since the position of a given box did not change with respect to the rainfall simulator nozzle above it, any variation in rainfall delivery ͑due to purely mechanical reasons͒ may help explain observations of variance in runoff response. The deviation of actual rainfall from the expected amount differed among boxes ͑p Ͻ 0.001͒, and any of these departures was overall consistent across rainfall intensities ͑p Ͼ 0.10͒.
In particular, rainfall delivery was generally uniform at about 10% over the expected amount of rainfall for disconnected treatments ISSS and IISS. For connected treatments SSSI and SSII, there was an average 20% greater than expected rainfall delivered at the top slope pervious position, and approximately 2% less than expected for the three downslope positions.
Overview of Significance of Treatments
The 5% slope of the soil box system was clearly more than sufficient to maintain one-dimensional flow. Overall, the time to initiation of runoff was significantly regulated by impervious area extent ͑p Ͻ 0.001͒ and an interaction between antecedent soil moisture and connectivity ͑p Ͻ 0.001͒. The runoff response for any given treatment was consistent enough across replications to show the distinct effect of impervious area on generating direct runoff to either the outlet ͑connected͒ or to pervious areas ͑dis-connected͒. Runoff rate ratios were strongly affected by antecedent soil moisture ͑p Ͻ 0.001͒, and somewhat less so by an interaction ͑p = 0.10͒ between impervious area extent and its connectivity status. When soil is wetter, it is predisposed to behave more like impervious surface due to reduced infiltration capacity, and will generate more runoff more quickly after the start of rainfall than for drier soils. Runoff rate ratios were significantly impacted by the effect of antecedent moisture conditions on the temporal dynamic of runoff production ͑i.e., drier conditions will take longer to generate the same amount of runoff as that under wetter circumstances͒. There is also a clear effect of impervious area extent and connectedness on runoff rate ratio, which may illustrate the dynamic of direct runoff passed on as run-on to down slope pervious boxes, where it then forces some adjustment in these ratios due to infiltration rate and capacity of these pervious areas.
0% Impervious Treatments
As we might have expected, the weaker suction gradients and lower infiltration capacity present in the wetter than drier antecedent condition predisposed the system to earlier production of runoff ͓Figs. 2͑a and b͔͒, which occurred at 4 and 8 min for wetter than drier treatments, respectively. This observation implies that realistic time of concentration estimates for pervious areas should be tied to at least a qualitative or categorical antecedent moisture status. Due to a decreased capacity for infiltration, runoff was generated at a greater proportion of rainfall in wetter ͑0.77͒ than in the drier condition ͑0.65͒ ͓Fig. 2͑a͔͒. Inspection of the instantaneous runoff rate ratio plots ͓Fig. 2͑b͔͒ revealed a flattening of the runoff response prior to a shift in rainfall rate, which may indicate that steady-state conditions may have existed prior to this shift. After the first increase in rainfall intensity from 20 to 30 mm hr −1 , infiltration rates in the drier SSSS treatment underwent a slight increase from about 8 to 10 mm hr −1 , declined until the next transition in rainfall rate after which infiltration rate rose again after a 4 min delay, and dropped precipitously 8 min after the transition ͓Fig. 2͑c͔͒. However, we note that the wetter treatment adjusted to an equilibrium rate after each transition in rainfall rate. The effect of rainfall rate on runoff rate ratio and infiltration rates was, therefore, not more apparent in wetter SSSS than drier SSSS treatments ͓Figs. 2͑a-c͔͒.
Runoff rate ratio variance ͓expressed as standard error of the mean; Fig. 2͑b͔͒ was initially high for the drier SSSS treatment and to a greater degree than that for the wetter SSSS treatment. On the other hand, the wetter antecedent condition had an overall more consistent variance in runoff rate ratio ͓Fig. 2͑b͔͒. One possible explanation for this is basic differences in infiltration oppor- Fig. 2 . Runoff response ͑as rate ratios based on average interval measurements͒ for 0% impervious area ͑SSSS͒ is shown for different antecedent moisture conditions ͓dry ͑D͒ or wet ͑W͔͒, and as ͑a͒ cumulative runoff rate ratio; ͑b͒ interval average rate runoff ratios; and ͑c͒ infiltration rate. Error bars are standard error of the mean ͑n =3͒. Dotted line indicates rainfall rate pattern ͑see text͒.
tunities for the different antecedent moisture conditions. Had we tested for these on a spatially-explicit basis, these differences in infiltration phenomena could have been operationally expressed as contrasts in infiltration rate and capacity. We observed higher variance in runoff rate ratios at interim times for drier ͓maximum ͑as std. error͒ ϳ0.08͔ than wetter treatments ͓maximum ͑as std. error͒ ϳ0.05͔ during the simulation.
Besides the steeper and likely more variable suction gradients in the drier than wetter treatments, variability in runoff from drier 0% impervious treatments may have been affected by spatial variability in surface preparation as roughness and surface-connected structural macroporosity on the bare soils that were used as pervious surfaces. As pointed out by Ziegler et al. ͑2000͒, the sediment mobilized and transported by early-term runoff can have the effect of sealing pervious surfaces with a concomitant reduction in hydraulic conductivity. In this experiment, we assume that splash erosion would be the dominant mechanism of soil detachment, which may have produced soil material that would clog surface macropores. We also know that antecedent moisture conditions were not likely a factor insofar as gross sediment yield, which were 380Ϯ 51 ͑meanϮ std. error of the mean͒ and 466Ϯ 48 g for drier and wetter SSSS treatments, respectively. Erosion was apparently generated via observed interrill processes and, although differences between sediment yields among the drier and wetter treatments were not distinctive, there were apparent contrasts in the hydrology of these systems. Despite the maximized potential for both infiltration and sediment supply in these wholly pervious, bare-soil systems, clogging of macropores was apparently not a limitation on infiltration. We also did not observe an abrupt change in infiltration rate, which might have otherwise been due to a substantial decline in flow through surfaceconnected structural macropores.
25% Impervious Treatments
The addition of 25% impervious area reduced opportunities for infiltration from SSSS, and in the case of the disconnected treatment, run-on was introduced as a factor to alter the temporal dynamic of infiltration and runoff production in pervious boxes. The ISSS ͑25% impervious, disconnected͒ treatment took longer than the SSSI ͑25% impervious, connected͒ impervious configuration to produce runoff, and especially for the drier condition ͓Fig. 3͑a͔͒. For connected impervious area in SSSI, the time to delivery of runoff at the outlet was considerably shortened, this was primarily due to the immediate conversion of rainfall to direct runoff at a point connected to the outlet. Accordingly, the greatest difference in runoff rate ratios between connectivity states persisted up to 40 min for the drier antecedent condition, compared with the 12 min that it took for the wetter treatment to have its infiltration capacity exceeded in either connectivity state. The envelope of runoff rate response formed by contrasting connectivity in the drier treatments may imply that disconnection of impervious area is still important in the management or reduction of excess storm water runoff at low to moderate levels of impervious coverage.
As in the 0% treatment, the final runoff rate ratio was increased overall for wetter ͑0.80͒ than drier ͑0.68͒ antecedent moisture states ͑Table 1͒; and the conversion of rainfall to runoff at each time interval ͓Fig. 3͑b͔͒ was characteristically more variable for drier than wetter treatments. Contrasting connectivity states in the drier treatments exhibited nearly opposite patterns in runoff rate ratio variation up to the 40 minute mark ͓Fig. 3͑a͔͒. This may be due to the larger extent of pervious surface becoming wetter in a shorter period of time due to a decrease in infiltration capacity from run-on generated by the top slope impervious area. Yet runoff rate ratios for the different connectivity states eventually converged ͓Figure 3͑a and b͔͒, leaving antecedent moisture as the predominant factor regulating late-term runoff response.
As rainfall intensity was stepwise increased over the course of Fig. 3 . Runoff response ͑as rate ratios based on average interval measurements͒ for 25% impervious area is shown for different antecedent moisture conditions ͓dry ͑D͒ or wet ͑W͔͒ and connected and ͑SSSI͒ and disconnected ͑IIIS͒ status, and as ͑a͒ cumulative runoff rate ratio; ͑b͒ interval average runoff rate ratios; and ͑c͒ infiltration rate. Note the late-term convergence of runoff ratio for connected and disconnected treatments. Error bars are standard error of the mean ͑n =3͒. Dotted line indicates rainfall rate pattern ͑see text͒.
the simulation, we noted a greater impact of rainfall intensity on runoff and infiltration dynamics in the 25% than in the 0% impervious treatments. At the transitions between rainfall rates, we observed an increase in infiltration rate for SSSI, which appeared to be the most sensitive to increased rainfall rates ͓Fig. 3͑c͔͒, and particularly in the shift from 30 to 40 mm hr −1 . As rainfall intensity was increased, infiltration rate was temporarily increased and it took longer for the initially drier pervious surfaces SSSI to adjust to a steady-state infiltration rate than for the corresponding antecedent conditions in the 0% impervious treatments ͓Fig. 2͑c͔͒. The system apparently responded to an increased supply of water via run-on by infiltrating it at an increased rate ͓Fig. 3͑c͔͒, an effect anticipated by Karssenberg ͑2006͒. It is also likely that the run-on produced by upslope boxes was absorbed by patches of soil in the down slope pervious boxes that were unsaturated, or drainage from these patches kept pace with delivery, contributing to additional capacity for infiltration ͑Nahar et al. 2004͒.
50% Impervious Treatments
As much as we observed in the 25% impervious treatments, the antecedent moisture condition of pervious areas in the 50% treatments was a predominant factor in the timing and magnitude of runoff response ͓Fig. 4͑a͔͒. Runoff was observed at the outlet at the 2 minute mark in SSII, compared to IISS which always required at least 4 minutes for runoff flows to initiate ͓Fig. 4͑a͔͒. Runoff rate ratio varied between a low of 0.63 for disconnected drier and a high of 0.92 for wetter connected treatments ͑Table 1͒. The disconnected wetter and connected drier treatments produced runoff rate ratios of 0.87 and 0.77, respectively ͑Table 1͒.
As a consequence of increased impervious area, we observed an increase in direct runoff ͓Fig. 4͑a͔͒, and a different dynamic in the impact of run-on than that observed for 25% impervious surface ͓Fig. 4͑a͔͒. Wherever there was disconnected impervious areas, the run-on from impervious areas was apparently infiltrated or otherwise moved down slope to the outlet, and to a greater extent than we might have otherwise expected. Within the boundaries of experimental error, we found that drier disconnected treatments had more or less consistent final runoff rate ratios. This may indicate that there was sufficient infiltration capacity to absorb run-on from even 50% upslope imperviousness. However, this was not the case for wetter disconnected treatments where infiltration capacity was limited by higher antecedent moisture content and, therefore, runoff was produced earlier and in greater cumulative quantities. While this may be taken as a fairly clear outcome of such an arrangement of pervious and impervious surfaces, the factors of connectivity and pervious conditions are not often accounted for modeling or management of excess storm water runoff.
Variance in runoff rate ratio for the drier IISS treatment started off higher and remained so throughout the simulation than in other treatments ͓Figs. 4͑a and b͔͒. Runoff rate ratios showed higher variance for drier treatments ͓Fig. 4͑b͔͒, where the initial conditions for pervious surfaces are again implicated as controls on infiltration, initiation of runoff, and run-on quantity. The higher variance in runoff rate ratio for the drier IISS than ISSS Fig. 4 . Runoff response ͑as rate ratios based on average interval measurements͒ for treatments with 50% impervious area is shown for different antecedent moisture conditions ͓dry ͑D͒ or wet ͑W͔͒ and connected and ͑SSII͒ and disconnected ͑IISS͒ status connectivity status, and as ͑a͒ cumulative runoff rate ratio, ͑b͒ interval average runoff rate ratios, and ͑c͒ infiltration rate. Error bars are standard error of the mean ͑n =3͒. Dotted line indicates rainfall rate pattern ͑see text͒.
treatment was likely a consequence of the larger volume of run-on from upslope impervious areas delivered to down slope pervious surfaces ͓Fig. 4͑a͔͒. The overall implication here is that the proper design and sizing of water quantity best management practices ͑BMPs͒ that depend upon infiltration ͑e.g., rain gardens͒ will be dependent upon a predicted runoff hydrograph that may vary considerably on the basis of the different attributes of connectivity and the antecedent moisture condition of the pervious surfaces associated with the infiltration BMP. The stepwise increase in rainfall intensity over the course of the 50% simulations ͓Fig. 4͑c͔͒ created transient shifts in runoff rate ratio and infiltration rates of greater magnitude than that observed for 25% treatments. This behavior was most pronounced in the drier disconnected treatments, and likely for reasons related to increased infiltration capacity in drier than in wetter treatments. In the first measurement interval after the transition from 20 to 30 mm hr −1 rainfall ͓Fig. 4͑c͔͒, infiltration rates in the drier IISS and SSII treatments were increased overall from 9.0 to 13.9 mm hr −1 and 5.4 to 10.3 mm hr −1 , respectively. At the transition from 30 to 40 mm hr −1 rainfall, infiltration rates for drier IISS and SSII treatments increased nearly two-fold from 6.7 to 12.7 mm hr −1 for IISS and from 3.2 to 7.8 mm hr −1 for SSII. In this last case, however, the larger infiltration rates were slightly ahead of the increase in rainfall rate. At the transition point to the most intense rainfall rate, the wetter SSII treatment also underwent a three-fold increase in infiltration rate ͑from 1.3 to 4.1 mm hr −1 ͒ immediately followed by the infiltration rate falling below zero through the end of the rainfall simulation ͓Fig. 4͑c͔͒. The connected ͑SSII͒ treatment had a final runoff rate ratio close to unity ͓Table 1; Fig. 4͑a͔͒ , and there were several time intervals late in the simulations where ratios actually exceeded unity ͓Fig. 4͑b͔͒. Moreover, the resultant slightly negative infiltration rates may have indicated the initiation of runoff due to a saturated surface soil ͓Fig. 4͑c͔͒.
In the specific case of wetter antecedent conditions for SSII, rainfall variability may have contributed to a runoff rate ratio that approached and ultimately amounted to or slightly exceeded unity ͓Fig. 4͑b͔͒. The topslope pervious box SSII had an average 20% greater rainfall than expected ͑i.e., 24 than 20 mm hr −1 , 36 than 30 mm hr −1 , etc.͒. This variation in rainfall rate probably initiated Hortonian runoff at earlier times in the top slope location, giving the SSII treatment an artifact that would have placed it somewhat ahead of the others in terms of accumulated runoff. Therefore, variability in rainfall is likely an important aspect of the runoff dynamic in this system due to its impact on the type and timing of the period for a particular runoff mechanism. Alternately, the wetter IISS treatment did not show any dynamic in infiltration rate at transitions among rainfall intensity. There is an early decline in infiltration rate from 20 ͑initial͒ to a more or less asymptotic 4 mm hr −1 . The larger quantity of direct runoff delivered to down slope pervious locations apparently exhausted infiltration capacity at a faster rate, possibly leading to the onset of a higher and more uniform runoff rate coefficient later in the simulation period. Therefore, these disconnected systems may be predisposed to being highly sensitive to fluctuations in rainfall intensity as they near saturation. In terms of infiltration best management practices, this would suggest that their design objectives should include an increased infiltration capacity, engineering of soils for faster redistribution, or artificial subsurface drainage. Each of these features ͑or if implemented in concert͒ would alleviate a tendency for the BMP to overflow during saturating storms, or prevent failure for periods where the BMP has not sufficiently drawn-down or recovered from one storm before the onset of rainfall from another.
Potential for Interflow as an Impact on Runoff Dynamics
Connectivity among boxes was limited to surface runoff only so that our apparatus prevented the transmission of interflow from one box to the next. This is not entirely unrealistic in urbanized and otherwise disturbed impervious-pervious systems where plow pans, smearing, and slaking can form impermeable barriers in the subsurface among and between adjacent soil formations. However, we did note some evidence of interflow production in our experiments, and attempt to at least qualify these for their potential impact on runoff quantity.
For the pervious boxes, we estimated soil saturated hydraulic conductivity to be 78 mm hr −1 , which compares favorably to the measured value of 71 mm hr −1 for a representative Rayne topsoil ͑Kelley et al. 1975͒ at a bulk density of 1.42 g cm −3 . Since our soil boxes had comparable bulk density, this may indicate that soil structure ͑and, hence, any structural macroporosity͒ in these different samples were also comparable. The macroscopic capillary length ͑␣͒ obtained from our data was 0.20, which indicates a tendency toward gravity than toward capillary flow ͑Ratts 1976͒, and so the hydraulically active portion of total pore space may be taken as a representation of structural macroporosity near the soil surface where infiltrometer measurements were taken.
We used this information to consider the possibility that a water table had formed, which would have affected the type of runoff mechanism͑s͒ brought into play. In part due to relatively homogeneous packing, it is unlikely that the horizontal component of hydraulic conductivity would have been significantly larger than its vertical component. Based on soil hydraulic data, we might have expected that rainfall would have been infiltrated to a greater depth. Yet, we know that the soil at 20 cm depth was not saturated as there was no outflow from the soil box drains at any time during or after simulation runs, indicating that the lower horizon of the soil monolith remained at antecedent moisture conditions. Furthermore, at no time, for no treatment combination, nor for either depth where soil moisture was sensed ͓i.e., upper ͑7 cm͒ or lower ͑13 cm͔͒ did volumetric soil water content exceed the estimated value at saturation, which was 0.38 cm 3 cm −3 . Soil water content also remained less than the field capacity ͑i.e., 0.34 cm 3 cm −3 , estimated as soil water retained at an overpressure of 0.33 bar͒ indicated for a Rayne silt loam soil ͑Kelley et al. 1975͒. Since the ambient soil water content was less than field capacity, any macropores would have been drained by this time as well. We concluded that no water table had formed either during or after the simulations.
Due to the absence of a water table, runoff was not likely generated by saturation excess, and neither was deeper interflow a significant component of the subsurface flow regime. Our analysis indicated that return flow may have been generated from interflow along a relatively thin saturated layer ͑less than 7 cm depth, the location of the shallowest soil water content sensor͒ at the soil surface. The return flow volume may have accumulated at the down slope end of pervious boxes so as to increase the apparent amount of surface runoff leaving the box. This source of additional runoff quantity would have contributed to ͑in addition to the elevated rainfall rate͒ the runoff rate ratio for SSII reaching and slightly exceeding unity ͓Fig. 4͑b͔͒ for interval observations of runoff rate ratio observed after approximately 76 min. By con-trast, we did not observe the saturation of the soil surface nor runoff rate ratios approaching unity in either the 0% nor 25% impervious treatments, implicating a threshold for onset of this type of behavior at impervious extents of 50% in our experimental systems.
Conclusions
We studied runoff response to a rainfall event with an approximate five-year return interval ͑for a Midwestern U.S. location͒ to various treatments including impervious area extent, connectivity, and soil pervious area antecedent moisture status. The time to runoff initiation was typically less under wetter antecedent conditions with connected impervious area. Final runoff rate ratios were overall lowest for SSSS and highest for SSII, and were always lower for drier than wetter antecedent conditions. Our results may indicate that early term runoff from systems with impervious extents of ca. 25% may not be accurately predicted without knowledge of connectivity, and an explicit accounting for antecedent soil moisture content of pervious areas ͑i.e., to predict late-term runoff response͒. The further reduction of infiltration opportunities in 50% of treatments highlighted the importance of connectivity status and antecedent moisture conditions in terms of heightened sensitivity to changes in rainfall intensity and periods of unexpected return flow in the SSII treatment. In the broader scope, comparison of our final runoff rate ratios with other tables of runoff coefficients is not recommended. Instead, it is recommended that practitioners and experimentalists use this present work as a basis for looking more closely at the auspices under which tables of widely-employed runoff coefficients are derived. Our results suggest that the mechanistic basis for generating runoff from small spatial areas with mixed impervious and pervious area may be incomplete. This is in the view of accounting for the runoff response of what are admittedly idealized, small-scale impervious-pervious systems with a standard and well-characterized rainfall structure, and a limited range of impervious area treatments considered. Variability in soil surface preparation and erosion patterns from bare soils may be an influence on results, suggesting that some sort of uniform vegetative cover would be in order for future experiments. The addition of a turf component to this study may then permit the testing of composite impervious-pervious systems that emulate post-construction urban or suburban conditions.
The contrasting runoff dynamics exhibited by different types of impervious extents and placements may have bearing on modeling and, moreover, stormwater management and the design of infrastructure. For example, antecedent soil moisture conditions were a significant regulator of runoff response for 25% impervious treatments; and interflow mechanisms were a potential outcome of 50% disconnected impervious configurations. Whether these results would continue to appear in experimental settings with larger spatial scales and under different storm patterns remains a matter of further research. The results of such studies would then be helpful in the development of conceptual models of how different pervious-impervious systems might respond to rainfall, if only through the provision of hypotheses for future experiments. In this modeling vein, more work is needed to determine soil water dynamics whereby a Green-Ampt model of infiltration may be useful to conceptualize the impacts of pervious moisture content and connectivity in terms of a representation of infiltration that is used in many popular rainfall-runoff models.
